down IP6 (Dao, 2003a (Dao, 2003a) .
stoichiometrically forms monomeric salts such as so- their ability to inhibit mineral precipitation, in particular, mineral phosphates such as dicalcium phosphate dihydrate (Freche et al., 1992) or hydroxyapatite (In-P hytic acid typically accounts for 60 to 90% of the skeep and Silvertooth, 1988) in the management of P stored reserves of P and myo-inositol in grains of a fertilization and plant uptake. Organic anions play a number of agronomic crops. Forages that are fed to critical role in the bioavailability of P in the rhizosphere livestock in various proportions with grains, depending of a number of plant species (Hinsinger, 2001) . Excreted upon stages of growth and energy requirements, also in lower amounts than carbohydrates, the organic anions contain IP6. myo-Inositol hexakis dihydrogenphosphate include a variety of products of the citric acid cycle, is largely indigestible to swine (Sus scrofa domesticus) bearing one or more carboxylate functional groups. In and poultry (Gallus gallus) and is excreted in manure the soil, commonly identified low molecular weight or-(Council for Agricultural Science and Technology, ganic anions include formate, acetate, propionate, oxa-2002). A large phytase-hydrolyzable fraction is also late, and citrate that are formed during microbial metabfound native to manure of cattle (Bos taurus), although olism and decomposition of plant residues (Rovira and rumen microflora possess necessary enzymes to break McDougall, 1967) . Soil organic matter also contributes aliphatic acids, phenols, phenolic acids, and fulvic and humic substances that can act as LIGNDs (Ritchie et described (Dao, 2003a (Jones and Darrah, 1994) , complexation of sodium IP6 at different pH as previously described (Dao, counterions (Earl et al., 1979) , and solubilization (Kirk 2003a There is increasing interest on post-excretion treatextract of Aspergillus ficuum phytases and may have high ments of manure to chemically bind or remove P in affinity for IP6, the enzymes appear to be primarily nonspecific manure before it is applied to fields (Dao, 1999 (Dao, , 2003b  phosphomonoesterases that can hydrolyze and release ortho- , and Fe 3ϩ on both a LIGND to IP6 (i) molar ratio and (ii) charge concentraladen conditions that exist on many agricultural fields tion ratio basis. At first, deionized water and appropriate near confined animal feeding operations (Zhang et al., volumes of 5 mM stock solutions of CaCl 2 , AlCl 3 , FeCl 3 , and 2002). The runoff and sediments from these fields carry Na-IP6 were added to attain cation to IP6-P mole ratios of dissolved and particulate nutrients to surface waters, 1:6, 3:6, and 6:6 and induce various degree of inhibition of the resulting in impaired water quality (Correll, 1998) . Remediation strategies or technologies to reduce bioavai- Aspergillus ficuum were of the same sources as previously dephosphorylation of IP6. Then, aliquots of 5 mM LIGND of 0.05 unit mL
Ϫ1
. The mixtures were equilibrated at 20ЊC on a gyratory shaker (250 rpm) for 24 h. Each treatment was were combined with the cation-IP6 mixtures to attain a final concentration of 0.25, 0.75, and 1.5 mM LIGND, or LIGND replicated three times. After the equilibration period, solutionphase concentrations of PO 4 -P were determined by HPLC, to IP6 molar ratios of 1:1, 3:1, and 6:1, respectively.
As coordination number and molecular weight of the after boiling in a 100ЊC water bath for 10 min to stop the enzymatic reaction. Chromatographic conditions are described LIGNDs varied widely, the effect of charge concentration ratio was also determined. Results of computations of ionic in a following section. species fractions are presented in Table 1 . Published LIGNDs and IP6 dissociation constants (K a ) were used to derive equiva-
Counterions and LIGNDs in Manure Suspensions
lent molar concentrations for LIGND to IP6 charge concentration ratios of 1:1, 2:1, and 4:1 at each pH level (Evans et al.,
Bulk batches of reconstituted dairy manure were prepared from freshly collected feces and acidified urine from holstein 1982; Dawson et al., 1986, p. 402-404) . The pH of 5 mM LIGNDs stock solutions was adjusted to either 4.5 or 6 with cows as described in previous work . In summary, the ratio of feces to urine was 1.6 to 1. The a 5.5 M HCl or 10 M NaOH solution. All other reagents were also adjusted to either pH 4.5 or 6, before reacting in reconstituted manure was homogenized in a blender at 2500 rpm and autoclaved at 100 kPa and 120ЊC for two 20-min a background of IP6 and counterions, to attain appropriate LIGND to IP6 mole or charge density. Aliquots of a 3-phytase sessions to deactivate native phytase enzyme activity. The pH of the manure was adjusted to 6.0 before the initiation of the EC 3.1.3.8 stock were added to attain a final enzyme activity , and Fe 3ϩ to IP6-P and control treatments receiving no PO 4 -P based on a HPLC method for anionic species (Erkelens et al., 1986) . Dissolved P concentrations of suspension aliquots enzyme and no polyvalent counterions were established as previously described. The final pH of the suspension was readwere determined chromatographically using a Waters (Milford, MA) 2690 LC system, equipped with UV (Model PDA justed to pH 6 with a 5.5 M HCl or 10 M NaOH solution, as appropriate. On a molar basis, LIGND to IP6 mole ratios of 996) and electrical conductivity (Model W432) detectors. An anion-exchange column (IC-Pak HC; Waters) and pre-column 1:1, 3:1, and 6:1 (i.e., 0.25, 0.75, and 1.5 mM of LIGND to the 0.25 mM IP6, respectively) were established. Aliquots of a were used to separate and quantify PO 4 -P. The eluent was a borate-gluconate (2%)-acetonitrile (12%) solution adjusted 3-phytase EC 3.1.3.8 stock were also added to attain a final enzyme activity of 0.05 unit mL Ϫ1 . Each treatment unit was to pH 8.5 and pumped at a flow rate of 1.5 mL min Ϫ1 . Dephosphorylation experiments in buffers and manure replicated three times. Jars containing the mixture were agitated on a gyratory shaker at 250 rpm.
wastewaters were established according to a randomized complete block design with cation to IP6-P mole ratio and LIGND After a 24-h equilibration period, solution-phase concentrations of PO 4 -P were determined after boiling in a 100ЊC water to IP6 treatments replicated three times. Differences in treatment main effects and interactions were detected following bath for 10 min. The suspensions were centrifuged at 7000 ϫ g for 20 min. The supernatant was filtered through membranes analysis of variance and the Tukey HSD test at the 0.05 proba- bility level using the Statistical Analysis System (SAS Instibran phytase (Nayini and Markakis, 1986) . In this study, tute, 1996) .
EDTA and the other LIGNDs did not appear to interfere with the hydrolytic activity of EC 3.1.3.8 at molar concentrations between 6.1 and up to 22.6 mM for , data not shown), 3.1.3.8 is complete and appears unaffected by the in agreement with previous work (Dao, 2003a) . DephosLIGNDs in the absence of Al 3ϩ (Fig. 1A) . The LIGNDs segregate themselves in (Saccharomyces cerevisiae) phytases whereas they do not affect the activity of wheat (Triticum aestivum L.) three groups, where CDTA and EDTA make up the effective group, OXA and PHTH are in the inefficient The differences in efficacy of CDTA and EDTA previously noted between pH 4.5 and 6 are reconfirmed group, and DPTA is of intermediate efficacy. Differences in efficacy between LIGNDs are more evident at when studied and explained from a LIGND to IP6 charge concentration basis ( Fig. 2 and 3) . Therefore, pH 4.5 on the LIGND to IP6 mole ratio basis. The CDTA and EDTA ligands are able to completely reexcess charge is needed to decouple and mobilize complexed IP6, and to attain the LIGND to IP6 charge verse the inhibition of IP6 hydrolysis at all three Al 3ϩ amendment rates. In the solution-phase, CDTA and concentration ratios studied, equivalent molar concentration ratios have to be between 1.5-and 12-fold that EDTA are present primarily as divalent H 2 CDTA 2Ϫ and trivalent HEDTA 3Ϫ , respectively. They are apparof IP6 (Fig. 2 and 3) . The equivalent molar concentration for PHTH is highest because of its high molecular ently comparable in reactivity and ability to decouple counterion and IP6 (Table 1) .
RESULTS AND DISCUSSION
weight. One should note that there is a limit to increasing charge concentration to overcome the inhibitory At pH 6, overall IP6 resistance to dephosphorylation is greater than that at 4.5 and the LIGNDs are not as effect of polyvalent counterions as the entropy of the effective at pH 6 as they are at pH 4.5. Overall, EDTA Table 2 . Slopes of linear regression equations describing the reis much more effective than CDTA, particularly at Al 3ϩ versal of the inhibition of dephosphorylation of myo-inositol amendment rates exceeding 0.75 mM (Fig. 1C and 1D) . concentration ratios in the 1 to 4 range ( Fig. 2 and 3 ). 
Efficacy of LIGNDS in Dairy Wastewaters
did not reduce the dephosphorylation of added IP6 because calcium is a known co-factor of the dephosphoryDairy manure contains a phytase-hydrolyzable phoslation reaction (Nayini and Markakis, 1986) . The ligands phorus (PHP) fraction that is readily released as bioavai-EDTA, CDTA, and to some extent, DTPA, maintain lable PO 4 -P to the manure suspension. The experimentheir activity in dairy manure suspensions as they are tal results are presented as net concentration relative able to reverse the inhibitory effect of Al 3ϩ and Fe 3ϩ at to the no-added-cations and no-LIGND treatments trivalent cation to IP6 and LIGND to IP6 molar ratios (Fig. 4) . In addition, amending these batches of dairy of Յ3:1, and Fe 3ϩ to IP6 molar ratio of 6:1 (1.5 mM manure with the LIGNDS, without adding phytase EC Fe 3ϩ -amended manure. IP6, in the absence of added polyvalent counterion Again, PHTH and OXA have little or no effect on the (Fig. 4A) , CDTA and EDTA additions increase the reaction in manure. release of PO 4 -P over and above the added P. The
In this study, the dephosphorylation of added or ma-DTPA ligand also appears effective in promoting the nure-native inositol phosphates is indistinguishable. enzymatic hydrolysis of manure organic P at a DTPA However, the increased recovery of PO 4 -P following to IP6 mole ratio of Ն3:1. These results suggest that phytase addition, over and above the quantity of added these LIGNDs increase the mobilization and dephos-P, reaffirms the existence and extent of IP6 presence in phorylation of complexed organic P, native to the madairy manure (Peperzak et al., 1959; Reeves et al., 2002 ; nure, and not merely the dissolution of inorganic phosphates because of their chelating property, as there was Dao, 2003a) . The experimental results also imply that 
